Introduction
Defective DNA double strand break (DSB) repair and increased incidence of chronic and acute T-cell leukemias are notable features of Ataxia Telangiectasia (A-T) (Hecht and Hecht, 1990; Taylor et al., 1996) and it has been proposed that the product of the A-T gene, Atm protein, surveys the genome for DSBs (Meyn, 1999) . In sporadic T-cell leukaemias, the chronic form (T-cell prolymphocytic leukaemia (TPLL)) harbours nucleotide changes or rearrangements in the A-T gene, ATM, in 50% of cases (Vorechovsky et al., 1997; Stilgenbauer et al., 1997; Yuille et al., 1998; StoppaLyonnet et al., 2000; Stankovic et al., 2001) . By contrast, no ATM mutations have been found in acute T-cell leukaemia (T-cell acute lymphoblastic leukaemia (T-ALL)), (Takeuchi et al., 1998; Haidar et al., 2000; Luo et al., 1998) . In T-PLL, Southern blotting showed that one in ®ve cases harboured a rearrangement within ATM (the less robust method of examining stained DNA ®bres over-estimated this proportion) . By contrast, constitutional ATM rearrangements arise in less than 1% of A-T patients (see A-T database at www.vmresearch.org). This dierence suggested that the ATM gene might be susceptible to rearrangement during T-cell leukemogenesis. To investigate this possibility, an examination was undertaken of ATM breakpoints in T-PLL and T-ALL.
Restricted tumour DNA from 17 cases of T-PLL and 13 cases of T-ALL (Table 1) was examined with ATM cDNA and exon-speci®c probes. Rearrangements were found in three T-PLL cases and one T-ALL case. Three of the breakpoints (in T-PLL17, T-PLL16 and T-ALL10) were cloned by long-distance PCR. Total RNA was subjected to analysis by RT ± PCR using primer pairs spanning the ATM coding sequence. The results are presented below and are summarized in Figure 1 .
In T-PLL17, (Figure 1 , panel 1) RT ± PCR with primers in ATM exons 55 to 62 yielded a product of 972 bp (117 bp longer than normal) (Figure 1, panel  1b) . This product harboured two consecutive copies of ATM exon 58, suggesting there had been a duplication involving this exon. This is predicted to result in insertion of 39 amino acids. Long-distance PCR on T-PLL17 DNA using primers within ATM exons 57 and 59 gave the expected 8.3 Kb product and a 8.6 Kb product. PCR with primers within ATM introns 57 and 58 gave the expected 2.3 Kb product and a 2.6 Kb product that harboured two adjacent copies of ATM exon 58 (Figure 1 , panel 1c and Figure 2 ). This structure was consistent with Southern blotting data ( Figure 1, panel 1a) . Additional rearranged bands were consistent with a deletion event on the second allele between ATM introns 54 and 56. RT ± PCR analysis indicated that the deletion abrogated ATM transcription (Figure 1 , panel 1b and data not shown).
In T-PLL16 ( Figure 1 , panel 2), RT ± PCR with primers in ATM exons 28 and 33 yielded a normal 857 bp product and a 1051 bp product which harboured a duplication of ATM exon 30, a partial duplication of ATM exon 31 and a segment of ATM intron 29 (Figure 1, panel 2b) . This results in a stop codon in the 3' copy of exon 30. Long-distance PCR on T-PLL16 DNA using primers within ATM exons 29 and 32 yielded a normal 5.1 Kb product and a 6.3 Kb product (Figure 1, panel 2c) . PCR on T-PLL16 DNA using a forward primer in ATM exon 31 and a reverse primer in ATM exon 30 gave a single product of 864 bp (not shown) whose sequence identi®ed a breakpoint within ATM exon 31 juxtaposed to sequence within intron 29 ( Furthermore, RT ± PCR on T-PLL16 RNA with primers in ATM exons 38 and 45 gave rise to a normal 893 bp product and a 806 bp product which lacked ATM exon 40 (87 bp) presumably because of the splice site mutation at IVS40 +1 G4C ( Table 2 ). The net eect is loss of 29 amino acids. RT ± PCR on T-PLL16 RNA with primers from ATM exons 29 and 41 showed that this splice site mutation was not on the same allele as the duplication of ATM exons 30 and 31. Figure 2 ). This L1P LINE sequence had recombined with an L1P3 LINE1 sequence in intron 24 but the precise site of recombination could not be determined because of the similarity of the two sequences. Tumour T-ALL10 arose in a four-year-old girl (Ravid et al., 1980) .
In T-PLL15, ATM exon 29 and 30 probes identi®ed a new band. Analysis suggested a deletion extending toward the centromere from within ATM intron 28 to an unknown locus and this was supported by gene dosage experiments (data not shown).
The T-PLL and T-ALL samples were also subjected to exon-scanning to identify ATM nucleotide changes. DNA was available from mouthwash samples from some T-PLL patients. The results of this analysis are summarized in Table 2 . One a T-PLL patient harboured a non-conservative ATM nucleotide change that was germline. This ®nding contrasts with the tenet that up to half of T-PLL is in ATM heterozygotes (Vanasse et al., 1999) and with data from this lab and elsewhere suggesting germline ATM mutations might be absent in sporadic T-PLL (Stoppa-Lyonnet et al., 2000; Stankovic et al., 2001) . Non-conservative nucleotide changes were detected in seven T-PLL samples but not in T-ALL, consistent with previous ®ndings.
No recombination signal sequences were identi®ed in the¯anks of the breakpoints in T-PLL16, T-PLL17 or T-ALL10. However, the consensus sequence RGYW or its complement WRCY abutted the breakpoints in all three cases (see boxed sequences in Figure 2 ). This motif is of interest since somatic hypermutation in B-cells is initiated by a DSB at RGYW/WRCY in immunoglobulin variable region (IgV) genes (Papavasiliou and Schatz, 2000) . Data on T-cells indicates that somatic hypermutation at T-cell receptor alpha (TCRA) genes arises by the same mechanism as in B-cells (Zheng et al., 1994) . The ®nding that ATM breakpoints are at RGYW in T-PLL and T-ALL provides evidence that, during T-cell leukemogenesis, ATM rearrangements are mediated at least in part by the somatic hypermutation mechanism. ATM is likely cleaved at RGYW and this DSB is then misrepaired to yield a duplication or insertion/deletion. Papavasiliou et al. (2000) have proposed a model, outlined in Figure 3a , for somatic hypermutation following an initial DSB at RGYW. A variant of this model (Figure 3b ) leads to ATM exon duplications (or deletions) commencing at RGYW. The detailed analysis of rearrangements presented here provides evidence that a speci®c mechanism of DNA cleavage initiates inactivation of a speci®c tumor suppressor gene during tumorigenesis. Other workers have provided evidence suggesting that RGYW motifs represent frequent targets for somatic hypermutation for oncogenes such as BCL-6 in normal germinal centre-derived B-cells and in their neoplastic counterparts (Shen et al., 1998; Pasqualucci et al., 1998 Pasqualucci et al., , 2000 . The motif has been suggested as a target for reciprocal translocation activating BCL-1, BCL-2 and MYC oncogenes because of the absence of classic recombination signal sequences . We now extend this suggestion: RGYW/ WRCY motifs may also represent during tumorigenesis targets for tumour suppressor gene disruption and for other non-reciprocal rearrangements. Indeed the ATM deletion-insertion in T-ALL10, taken with the absence of pathogenic nucleotide changes in T-ALL, provides initial evidence that during leukemogenesis in early thymic cells, RGYW/WRCY motifs in ATM may be more susceptible to rearrangement than the gene is to nucleotide changes. Finally, we suggest that aberrant components of somatic hypermutation may contribute to the defective DSB repair characteristic of cancer.
Figure 1 ATM rearrangements in T-PLL and T-ALL cases. DNA was extracted and analyzed by Southern blotting using standard methods. Total RNA was isolated using TRIZOL reagent (Gibco ± BRL Life Technologies, Paisley, UK). cDNA was prepared using the SUPERScript First Stand Synthesis System for RT ± PCR kit (Gibco-BRL Life Technologies). ATM RT ± PCR was performed as described . Long-distance PCR was performed with the ELONGASE Ampli®cation System (Gibco-BRL Life Technologies). All genomic sequences are taken from Genbank accession number U82828. All cDNA sequences are based on Genbank accession number U33841 (renumbered so that the ®rst codon starts at base 1). (a) Rearrangements were identi®ed by Southern blotting in samples T-PLL17 (1), T-PLL16 (2) and T-ALL10 (3) after restriction of tumor (T) and normal (N) DNA with enzymes HindIII and BglII (1) HindIII and EcoRI (2) and EcoRI and BglII (3) and probing for ATM exon 57 (1) exon 29 (2) and exon 21 (3). (b) Abnormal RT ± PCR products were detected using primers in ATM exons 55 and 62 (1); exons 28 and 33 (2) and exons 19 and 25 (3). In T-PLL16 RT ± PCR product, reading from the 5' end, exon 31 sequence ended at base 4286 (U33841). The next 17 bases were U82828 76 135 ± 76 152 (intron 29) and this was followed by the start of exon 30. (c) Abnormal long-distance PCR products were detected using primers in introns 57 and 58 (1), exons 29 and 32 (2) and introns 20 and 24 (3). Hatched boxes in b and c indicate exons; solid box in 3C indicates simple sequence repeats; gingham box in 3C indicates non-ATM LINE1 sequence. In T-PLL17 there was a breakpoint at base 123 795 in intron 58 which abutted base 123 475 in intron 57. In T-PLL16 there was a breakpoint in exon 31 at 4286 (U33841) and this abutted 76 135 (U82828) in intron 29. In T-ALL10 there was one breakpoint in intron 22 at 59 495 and there was a second breakpoint in intron 24 centromeric of base 62 203 ATM single strand conformation polymorphism (SSCP) mutation detection was performed as described . PCR products were sequenced using the Li-Cor method (MWG-Biotech (UK) Ltd, Milton Keynes, UK). All primer sequences are available on request. Where a second allele is indicated as being not present, a loss of heterozygosity can be inferred. Examination of known polymorphism in ATM supported this inference in all cases (data not shown). nd: not done Figure 3 Model for duplication at RGYW in ATM. (a) shows the model for somatic hypermutation following Papavasiliou et al. (2000) . (b) shows a similar model which gives rise to intragenic rearrangement with exon duplication and with deletion of RGYW as in T-PLL17. Two sister chromatids are involved (1). A double strand break is introduced at RGYW on the bottom sister chromatid (2). After 5' end resection (3), the exposed 3' end invades the top sister chromatid to prime new DNA synthesis. In a this synthesis is brief while in b this synthesis is prolonged over several kilobases (4 and 5) until it is interrupted. In a, interruption (6) is due to a resected 3' end initiating second strand synthesis. In b, interruption is due to the newly synthesized strand become dissociated from the top sister chromatid and ligating upstream of resected WRCY in the lower sister chromatid. Ligation and second strand synthesis follow (7 and 8)
